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Control of renal production of ammonia
ROBERT F. PITTS
Department of Physiology and Biophysics, Cornell University Medical College,
New York City, New York
The excretion of ammonia by mammals including man
is primarily concerned with urinary excretion of non-
volatile acid, not with elimination of waste nitrogen.
Accordingly, rate of excretion of ammonia is large in
metabolic acidosis and is negligible in metabolic alkalosis.
Since urinary ammonia is formed within renal tubular cells
from precursors extracted from blood perfusing the kidney,
some change in composition of the urine and/or some
change in constitution of tubular cells must control produc-
tion and excretion of ammonia. These points are illustrated
in Fig. 1.
These experiments [1] were performed on one normal
unanesthetized dog in two states of acid-base balance: in
those described by the lower line, the dog was in normal
acid-base balance; in those described by the upper line,
the dog was in chronic metabolic acidosis. At the beginning
of each of the two series of experiments, the urines were
comparably acid, pH 5.5 or below. Sodium bicarbonate
was infused intravenously at rates required to correct the
acidosis and gradually to alkalinize the urine. Urine pH
increased from its initial low value to pH 8.0. Rate of
ammonia excretion was inversely related to urine pH in
both instances. However at any given urine pH, ammonia
excretion was some three times greater in acidosis than in
normal acid-base balance. Obviously no less than two fac-
tors must control excretion of ammonia: first, urine pH;
second, some adaptive change in the kidney induced by
acidosis which increases production of ammonia. The
relation between ammonia excretion and urine pHdepends
on the mechanism of its transport across the luminal
membranes of tubular cells. This has been shown to be
one of passive non-ionic diffusion down a pH gradient [2].
The adaptive increase in production of ammonia in acidosis
concerns us here.
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Fig. 1. Rate of excretion of ammonia by one dog in two states of
acid-base balance as a function of urine pH. Reproduced from
Pitts, R. F. [1] with permission of the publisher.
This adaptive increase in production and excretion of
ammonia was first ascribed by Davies and Yudkin [3] to
an adaptive increase in the renal content of the enzyme
glutaminase I. This inference was based on the now well
established fact that the major precursor of urinary am-
monia is glutamine. The data presented in Fig. 2 are from
the work of Rector, Seldin, and Copenhaver [4] on the rat.
They demonstrate that when rats are maintained for a
period of days on a regimen which induces metabolic
acidosis, excretion of ammonia approximately triples from
two to six mEq/day. This increased excretion of ammonia
is associated with a five-fold increase in glutaminase activity
of the kidney, i.e., from 650 to 3,000 units/g.
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Fig. 2. Glutaminase I activity and rate of ammonia excretion
during developing acidosis. Reproduced from Rector, F. C., Jr.,
Seklin, D. W., and Copenhaver, J. H. [4] with permission of the
authors and publisher
This causal relationship became less convincing when
Rector and Orloff [5], Pollack et al [6] and others demon-
strated that a similar increase in ammonia excretion oc-
curred in developing acidosis in the dog with no increase in
glutaminase content of the kidney. The thesis was finally
demolished by Goldstein [7] who showed that the ad-
ministration of Actinomycin D to rats prevented enzyme
adaptation without in any way altering the adaptive in-
crease in ammonia excretion in acidosis. Obviously an
increase in the glutaminase content of renal tubular cells is
not obligatorily related to increased production and ex-
cretion of ammonia.
Let me review briefly the reactions which produce am-
monia in renal tissue (Fig. 3). Glutamine is the major
precursor of the base and gives up both of its nitrogens as
ammonia in sequential reactions. The ainide nitrogen of
glutamine is split hydrolytically by the enzyme glutaminase I
to form glutamic acid and ammonia. The amino nitrogen
Formation of ammonia by glutaminase I
and glutamic dehydrogenase
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of glutamic acid is then split oxidatively by the enzyme
glutamic dehydrogenase to form oc-ketoglutaric acid and
ammonia. Glutamine is a neutral substance; x-ketoglutaric
acid is a strong dibasic acid. Only if oc-ketoglutaric acid is
oxidized to CO2 or converted to some other neutral sub-
stance, do both nitrogens become available as ammonia to
buffer urinary acid.
The production of ammonia by the kidney is not sub-
strate-limited in the usual sense, i.e., the concentration of
glutamine in the plasma entering the kidney, the rate of
renal plasma flow and the rate of glomerular filtration are
not different in chronic metabolic acidosis, in normal acid-
base balance, or in metabolic alkalosis. However, the
utilization of the glutamine presented to the kidney does
differ in these diverse acid-base states. The experiments of
Pilkington and Young [8], shown on the left of Fig. 4,
were performed on dogs to characterize the reabsorption
of glutamine from the glomerular filtrate. The quantity of
glutamine filtered is plotted on the abcissa. It was increased
from the normal range of 25 to 30 iimoles/min to around
500 by the intravenous infusion of glutamine. The amount
of glutamine reabsorbed was directly proportional to the
amount filtered over the entire range in both chronic
metabolic acidosis and in chronic metabolic alkalosis.
Essentially all of the filtered glutamine was reabsorbed;
none was excreted. Thus all of the glutamine which enters
the glomerular filtrate crosses the luminal membranes and
enters tubular cells independent of acid-base state.
What happens to this glutamine once it enters tubular
cells obviously differs in acidosis and alkalosis. On the right
of Fig. 4 are shown data from these same experiments in
which excretion of ammonia is related to glutamine filtered
and reabsorbed. In alkalosis, once glutamine enters the cell,
it is transported across the cell relatively unchanged and
added to peritubular blood. Thus little ammonia is pro-
duced. This is demonstrated by the hollow symbols at the
bottom of the graph. In acidosis, it is more or less metab-
olized to liberate ammonia. This is shown by the solid
symbols above. Thus some intracellular change in acidosis
must account for increased renal tubular production of
ammonia.
As shown in Table 1, the three products of the glut-
aminase and glutamic dehydrogenase reactions, ammonia,
Table 1. Factors affecting renal production of ammonia
GIu-NH2-ase I GLDII
1. Glutamine * Glutamate+ NH3 —* oc-Keto-
glutarate+ NH3
2. Tubular cell concentration of:
a) ammonia
b) glutamate
c) oc-ketoglutarate
d) potassium
e) NAD/NADH ratio
COOH
CHNH2
CH2
CH2 +H20
CONH2
glutaminase!
NH3
a-Ketoglutaric acid
Fig. 3. Major reactions involved in the rena/production of ammonia. 3. Renal gluconeogenesis
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Fig. 4. Rate of reabsorption of glutamine (A) and rate of excretion of ammonia (B) in dogs in acidosis and alkalosis, both plotted as a
function of rate of filtration of glutamine. Reproduced from Pilkington, L. A., Young, T. K., and Pitts, R. F. [8] with permission of
the publisher.
glutamate and -ketoglutarate, have all been implicated
as controlling the glutaminase I reaction through product
inhibition. Potassium and the ratio of NAD/NADI-I more
directly affect glutaminase 1 and glutamate dehydrogenase
activity. Gluconeogenesis exerts a somewhat similar effect.
Let us consider the action of ammonia first, shown in
Fig. 5 in a series of experiments performed by Pilkington,
Welch, and Pitts [9].
In seven experiments (Fig. 5), total renal production of
ammonia, namely the sum of the ammonia excreted in the
urine and that added to renal venous blood, was measured
in acidotic dogs before and during intravenous infusion of
ammonium chloride. The control values, i.e., those obtained
prior to infusion of ammonia, are shown as the left hand
points of the pairs connected by lines. The values obtained
during the infusion of ammonium chloride are shown as
the right hand points. In each instance, increased blood
and cellular NH3, resulting from infusion of NH4CI,
decreased cellular production of ammonia.
According to Goldstein and Schooler [10] the Ki for
50% inhibition of glutaminase I by ammonia in vitro is
some two orders of magnitude greater than NH3 values
observed in vivo. Whether this means that the enzyme is
more sensitive to inhibition by ammonia in vivo than in vitro
or that the mechanism of inhibition is totally different and
non-competitive is uncertain.
Glutamate has similarly been shown to inhibit the gluta-
minase 1 reaction in the kidney of the rat in vitro by Gold-
stein and Schooler [10] and Goldstein [II]. In the intact
kidney of the rat, the induction of chronic metabolic
acidosis reduces the intracellular concentration of glutamate
by some 35 %. Such a decrease in glutamate concentration
increases ammonia production by 20%. Actually the in-
crease in ammonia excretion by the rat in vivo under similar
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Fig. 5. Rate of renal production of ammonia as a function of
cortical cell PNH3. Reproduced from Pilkington, L. A., Welch, J.,
and Pitts, R. F. [9] with permission of the publisher.
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conditions of acid loading is of the order of 200 to 300%.
In dog and man, excretion of ammonia in response to acid
loading or to enhanced acid production can increase 500 to
1,000%. Thus there is a very real quantitative disparity
among the observed depression of cellular glutamate in
acidosis, the observed increase in ammonia excretion in
acidosis and the observed effects of glutamate in vitro on
the glutaminase I reaction.
Balagura and Welbourne [12] have shown that the renal
tissue concentration of e-ketoglutarate is low in acidosis in
comparison with that in normal acid-base balance. Fig. 6,
taken from their work, illustrates the effect of intravenous
infusion of x-ketoglutarate on renal production of ammonia
in the dog. It is apparent in the initial control period that
rate of production of ammonia was 57 jimoles/min. Follow-
ing the start of infusion of oc-ketoglutarate, which presum-
ably progressively increased the tissue level of oc-keto-
glutarate as well as the arterial plasma level, the rate of
production of ammonia declined to about one-fifth of the
control value. This action of x-ketoglutarate is dual: it
depresses activity of glutaminase I; it diverts ammonia to
the production of glutamate. Again it is improbable that
reduced tissue concentration of oc-ketoglutarate is a com-
plete explanation of increased production of ammonia in
acidosis.
Various procedures which induce potassium depletion
in man, dog and rat also enhance urinary excretion of
60 -
ammonia. Potassium repletion reduces ammonia excretion
[13]. Presumably the enhanced excretion of ammonia in
hypokalemia is the result of an increase in the activity of
the enzyme, glutaminase, as a consequence of reduced
concentration of potassium within renal tubular cells.
Preuss [14] accepts the thesis that the activity of renal
tubular cell glutaminase I and thus a portion of the renal
production of ammonia are controlled by the intracellular
concentration of glutamate. However he ascribes the reduc-
tion in the concentration of glutamate observed in acidosis
to an increase in the oxidized state of cellular pyridine
nucleotides and to the consequent increase in conversion
of glutamate to oc-ketoglutarate.
The current most popular concept of control of pro-
duction of ammonia by the kidney states that the key rate-
limiting enzyme of the gluconeogenic pathway, namely,
phosphoenolpyruvate-carboxykinase, transforms oxalo-
acetate to phosphoenolpyruvate as shown by the arrow in
the middle of Fig. 7. The argument goes like this: phos-
phoenolpyruvate-carboxykinase is increased in concentra-
tion in tubular cells in acidosis and, as a consequence, the
concentrations of intermediates of the Kreb's cycle back to
and including oc-ketoglutarate are reduced. Lowering the
tissue concentration of oc-ketoglutarate pulls the reaction
which forms this ketoacid from glutamate, namely the
glutamate dehydrogenase reaction. Since this reduces tissue
concentration of glutamate it pulls the reaction which forms
glutamate from glutamine, namely the glutaminase I reac-
tion. As one can recall, ammonia is formed in both the
glutaminase I and glutamate dehydrogenase reactions.
Ammonia formation thus ultimately depends, according to
this hypothesis, on the rate of conversion of oxaloacetatc
to phosphoenolpyruvate [15, 16].
A test of this thesis seemed possible utilizing uniformly
labeled 14C-glutamine. An important criterion in the design
of these experiments is that they be performed at normal
blood levels of glutamine, not at the 10 to 20 times normal
values employed in studies with kidney slices. Another
important criterion is that they be performed in vivo on the
intact functioning kidney. This limits work to the dog for
considerable quantities of blood are required.
The experiments now to be described were performed in
association with Drs. Pilkington and Leal-Pinto and with
Mrs. MacLeod [17]. They are based on experiments of
Pilkington and O'Donovan [18] performed on slices of dog
kidney cortex. In essence the method is the following:
carbon-14, originally present in glutamine of arterial blood,
after passing through the kidney appears in part as glucose,
cabon dioxide and in lesser amounts as other products in
renal venous blood. Five dogs in chronic metabolic acidosis
were compared with five dogs in chronic metabolic alkalosis.
All experiments were performed in precisely the same man-
ner, except for prior induction of either acidosis or alkalosis.
Uniformly labeled 14C-glutamine was diluted in saline and
in part given as a prime and in part infused at 0.5 mI/mm
for 20 mm prior to and throughout the course of each
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Fig. 7. Relation between renal gluconeogenesis from glutamine and renal production of ammonia. Reproduced from Goodman, A. D.,
Fuisz, R. E., and Cahill, G. F., Jr. [15] with permission of the authors and publisher.
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three period clearance experiment. A Nuclear-Chicago
liquid scintillation flow counter and a Phoenix automatic
amino acid analyzer were arranged in tandem to quantify
both '4C-activity and the concentration of amino acids and
other products in arterial and renal venous blood. Since no
cold glutamine was given, blood glutamine concentrations
were normal.
Fig. 8 illustrates our method of quantitation of one of
the products of glutamine metabolism, namely CO2. Renal
arterial inflow to the kidney was measured as the clearance
and extraction of PAH calculated by the Wolf equation [19].
Renal venous outflow was estimated as arterial inflow
minus urine flow. The product of renal arterial inflow and
arterial glutamine concentration equals the quantity of
glutamine entering the kidney each mm. The product of
renal venous outflow and renal venous concentration of
glutamine equals the quantity of glutamine leaving the
kidney each mm. The difference between the quantities
entering and leaving the kidney equals the quantity of
glutamine extracted. Similar calculations of cpm/ml in' the
glutamine peaks of arterial and renal venous bloods permit
the calculation of glutamine counts extracted. Factoring
cpm/min of glutamine extracted by pmolesjmin of glutamine
extracted yields specific activity of the glutamine extracted.
CO2 was measured in two ways, total C02, by the Van
Slyke and Neill manometric method [201 and 14C-02, by
a modification of the Passman, Radin and Cooper method
[21]. Not only C02, but also all other analyses except
creatinine were performed on arterial and renal venous
whole blood.
At the bottom of Fig. 8 are given the final calculations.
Dividing cpm/min in CO2 produced by the kidney by the
specific activity of the glutamine extracted, yields the limoles
of glutamine converted to CO2. Since each iimole of gluta-
mine converted to CO2 yields five iimoles of C02, it is
obvious that the j.tmoles of CO2 derived from glutamine,
factored by the total Mmoles of CO2 produced by the
kidney, yields the percentage derived from glutamine. It is
difficult to see one's way through these calculations on first
presentation. You must accept my word that they are
correct.
Let us turn now to what our experiments demonstrate:
Figs. 9—12 are comparisons of 15 measurements on five
dogs in chronic metabolic acidosis and 15 measurements
on five dogs in chronic metabolic alkalosis. Fig. 9 illustrates
the degree of acidosis and alkalosis in the two series in
terms of concentrations of arterial whole blood total CO2
and rate of excretion of urinary ammonia. Low total
concentration of arterial CO2 and high rate of excretion of
ammonia characterize acidosis; high total concentration of
arterial CO2 and low rate of excretion of ammonia
characterize alkalosis. All rates in Figs. 9—12 refer to one
kidney only, the right one.
Fig. 10 demonstrates that glomerular filtration rate, renal
arterial blood inflow and arterial blood glutamine concen-
tration do not differ significantly in acidosis and alkalosis.
Fig. 10. Comparisons of mean glomerular filtration rates, renal
blood flows, arterial blood glutamine concentrations and renal
glutamine extractions in five dogs chronic metabolic acidosis and
five dogs in chronic metabolic alkalosis. Drawn from tabular data
taken from Pitts, R. F., Pilkington, L. A., Leal-Pinto, F., and
MacLead, M. B. [17] with permission of the publisher.
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Fig. 9. Comparisons of mean concentrations of arterial blood total
CO2 and mean rates of excretion of ammonia in five dogs in
chronic metabolic acidosis and five dogs in c/Ironic metabolic
alkalosis. Modified slightly from Pius, R. F., Pilkington, L. A.,
Leal-Pinto, E., and MacLeod, M. 8. [17] with permission of
the publisher.
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The fact that glutamine extractions, shown in the last
columns, differ so greatly indicates that glutamine, in
traversing tubular cells, is largely metabolized in acidosis
and is largely unaltered in alkalosis.
As shown in Fig. 11, of the large amount of glutamine
extracted in acidosis, namely 27.7 iimoles/min, only 5.34
j.tmoles/min were converted to glucose. Therefore con-
version of glutamine to glucose is not rate-limiting for the
production of ammonia in acidosis. Of the much smaller
amount of glutamine extracted in alkalosis, namely 8.04
imoles/min, only 0.92 tmole/min was converted to glucose.
Again conversion of glutamine to glucose is not rate-
limiting for the production of ammonia in alkalosis.
Glutamine is obviously largely utilized in other reactions,
a major proportion of which result in the formation CO2
and ammonia.
Fig. 12 demonstrates that the total CO2 produced by one
kidney each of five dogs in acidosis equals 230 jimoles/min
and by one kidney each of five dogs in alkalosis, 213 jsmoles/
mm. These two values are not significantly different. Of
this, 87.5 jsmoles/min come from the oxidation of glutamine
in acidosis and 25 l.tmoles/min in alkalosis. In the con-
version of two Ilmoles of glutamine to one i.tmole of glucose,
four smoles of CO2 are formed. The CO2 produced in the
conversion of glutamine to glucose constitutes a small
fraction of the total produced from glutamine.
Two facts have emerged from these latter studies. First,
in acidosis, gluconeogenesis accounts for the disposal of
about one-fifth of the x-ketoglutarate which results from
the deamidation and deamination of glutamine. Obviously
Fig. 11. Comparisons of mean rates of glutamine extraction,
conversion to glucose, utilization in other reactions and ammonia
excretion in five dogs in chronic metabolic acidosis and in five dogs
in chronic metabolic alkalosis. Reproduced from Pitts, R. F.,
Pilkington, L. A., Leal-Pinto, E., and MacLeod, M. B. [17]
with permission of the publisher.
Fig. 12. Comparisons of mean rates of total CO2 production, CO2
production from glutamine, CO2 production in conversion of
glutamine to glucose, and CO2 production in other reactions in
five dogs in chronic metabolic acidosis and in five dogs in chronic
metabolic alkalosis. Reproduced from Pitts, R. F., Pilkington,
L. A., Leal-Pinto, F., and MacLeod, M. B. [171 with permission
of the publisher.
to this extent it contributes to the ammonia which buffers
hydrogen ions secreted into the urine, for glucose is a
neutral product. However it is in no sense rate-limiting for
the production of urinary ammonia. Second, in acidosis,
oxidation to carbon dioxide and water of a much larger
fraction of the c-ketoglutarate derived from the deamidation
and deamination of glutamine contributes more to urinary
ammonia than does gluconeogenesis. Again, CO2 as
eliminated by the lungs is a neutral product.
An incomplete carbon balance sheet for glutamine in
acidosis is presented in Table 2. The renal extraction of
glutamine amounted to 27.7 j.tmoles/min. Since each mole-
cule of glutamine contains five carbon atoms, a total of
138.5 iimoles/min of carbon was extracted as glutamine.
The carbon dioxide production from glutamine (87.5 pmoles/
mm) and the conversion of glutamine carbon to glucose
(26.7 pmoles/min) accounted for 114.2 Mmoles/min. The
difference between the glutamine-C extracted and that
accounted for as CO2 and glucose amounted to 24.3 pmoles/
mm or 17.4% of the total. Most of this fraction not
accounted for is represented by '4C-activity added to renal
venous blood in the post-glucose part and in the pre-amino
acid part of the Stein-Moore chromatogram. We do not
know its composition and whether or not it consists of
neutral products. in other words we do not know whether
or not it contributes ammonia for the buffering of hydrogen
ions but we suspect that it does.
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Table 2. Renal carbon balance of glutamine in acidosis
Glutamine Carbon Inflow
limoles/min glutamine extracted
carbons per molecule
iimoles/min glutamine carbon extrycted
Glutamine Carbon Outflow
87.5 llmoles/min CO2 from glutamine
26.7 pmoles/min carbon converted to glucose
114.2 iimoles/min glutamine carbon accounted for
Net Glutamine Carbon Difference
limoles/min glutamine carbon extractedjsmoles/min glutamine carbon accounted for
pmoles/min glutamine carbon not accounted for
24.3 100=17.4% not accounted for
Glutamine-C balance in alkalosis is similar percentagewise
to that in acidosis, although the total amount of g1utmine
utilized was much smaller. Thus in alkalosis 8.04 ismoles/
mm of glutamine or 40.2 l.Imoles/min of glutamine-C were
extracted. The carbon dioxide production from glutamine
(25 llmoles/min) and the conversion of glutamine-C to
glucose (4.68 i.imoles/min) together accounted for 29.7
limoles/min or 73.7 % of the glutamine-C extracted.
In conclusion, conversion of glutamine to glucose con-
tributes one moiety of ammonia to the buffering of hydro-
gen ions secreted into the urine. However, it is in no sense
rate-limiting for the production of urinary ammonia. A
larger moiety of urinary ammonia is derived from the
oxidation of glutamine to CO2 and water. Furthermore
oxidation of glutamine represents a much larger fraction
of the total energy supply of the kidney in acidosis than in
alkalosis.
This is reasonable for the kidney utilizes more glutamine
as a source of ammonia and produces more x-ketoglutarate
in acidosis than in alkalosis. Obiously the metabolic mix-
ture utilized by the kidney is different in acidosis and
alkalosis, glutamine supplying a much greater fraction in
acidosis.
Does this mean that the NAD/NADH ratio directly
controls production of ammonia? My answer would be No.
The rate of oxidative decarboxylation of renal metabolites
does not differ significantly in acidosis and alkalosis, i.e.,
total CO2 production is constant. The metabolic mixture
utilized does differ. My belief at the moment is that the
access of glutamine to glutaminase and glutamic dehydro-
genase is increased in acidosis. Both of these enzymes are
localized within mitochondria of tubular cells. If either
active transport or passive entry of glutamine into mito-
chondria were facilitated by some change in the intra-
cellular milieu, it could explain most of the known facts
concerning the control of ammonia production. Somewhat
similar views have been recently expressed by Fhaolain and
O'Donovan [221 and by Simpson [23].
It is possible to explain in part increased extraction and
utilization of glutamine and increased excretion of ammonia
in acidosis on the basis of an adaptive and rate-limiting in-
crease in the tubular cell content of phosphoenolpyruvate-
carboxykinase (PEPCK) [16]. This is different from saying
that gluconeogenesis from oxaloacetate is rate-limiting for,
on the basis of our results, it obviously is not. However it is
probable that CO2 production from oxaloacetate derived
from glutamine occurs by a pathway involving conversion
of oxaloacetate to phosphoenolpyruvate and its reentry
into the Krebs cycle as Acetyl Co-A. If Actinomycin D
prevents an adaptive increase in PEPCK, as it does in
glutaminase I, [7], this could not be an explanation of
increased production of CO2 and ammonia in acidosis. In
other words, neither PEPCK nor glutaminase I would be
rate-limiting. We presume that Actinomycin D prevents an
adaptive increase in both enzymes. Accordingly we prefer
an explanation involving increased access of glutamine to
mitochondrial enzymes in acidosis.
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